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© Semiconductor light emitting device. 

©A semiconductor light emitting device has an 
epitaxial layer of which lattice match with a substrate 
crystal is made. The epitaxial layer is formed of 
mixed crystals of a plurality of Group lll-V compound 
semiconductors on the substrate formed of a crystal 
of ZnO. More particularly, the epitaxial layer is 
formed of: 

AlxGa|. x .ylnYN <Q5X<1, 0<Y<1) 

where Ga of a semiconductor, GaN, is partially re- 
placed with In or a combination of In and Al. As a 
result an epitaxial layer of mixed crystals of GalnN 
or AIGalnN series is grown on the substrate. Also, 
the epitaxial layer is formed of: 

AlpGa^lrtqN (0Sp<1. 0<q<l) and 
AlxGa^xNj.vPY (OS<XS1, 0<Y<1) 

where Ga of a semiconductor, GaN. is partially re- 


placed with In or Al, or N is partially is replaced with 
P. As the result, the epitaxial layer of mixed crystals 
of AIGalnN and AIGaNP series is grown on the 
substrate, the semiconductor light emitting device 
can produce an efficient emission of laser beam. 
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BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a semiconduc- 
tor light emitting device particularly for use in a 
laser apparatus. 

2. Description of Background Information 

In known semiconductor light emitting devices 
using an epitaxial layer of Group lll-V nitride mixed- 
crystal, e.g. gallium nitride (GaN), sapphire (o- 
AI2O3) is used as the material of the substrate 
crystal. 

The crystal structure of GaN is of wurtzite type 
while sapphire forming the substrate has a crystal 
structure of corundum type. Although GaN and 
sapphire are both in the hexagonal system, the 
crystal structures of these compounds are not 
equivalent, as sapphire has a periodicity of thirteen 
atomic planes, for example. Also, these two com- 
pounds are different in the lattice constant, which in 
turn causes a lattice mismatch as high as 14%. 
Such a lattice mismatch leads to difficulties in 
growing an epitaxial layer having good properties 
and a semiconductor light emitting device using 
such an epitaxial layer would fail to produce an 
effective emission of laser beam. 

OBJECT AND SUMMARY OF THE INVENTION 

The present invention has been made to elimi- 
nate the foregoing disadvantages, and one object 
of the present invention is the provision of an 
improved semiconductor light emitting device in 
which an epitaxial layer is formed while lattice 
match with the crystal substrate is made and there- 
by producing efficient emission of laser beam. 

A semiconductor light emitting device accord- 
ing to one embodiment of the invention has mixed 
crystals of a plurality of Group lll-V compound 
semiconductors grown as an epitaxial layer over a 
crystal substrate, in which the crystal substrate is 
formed of ZnO and the mixed crystals of the epi- 
taxial layer have compositions expressed by: 

AfecGa,.x- Y lnYN (0SX<1, 0<Y<1). 

More particularly, in the semiconductor light 
emitting device according to the first aspect of the 
invention, gallium Ga in the epitaxial layer of GaN 
is partially replaced with indium In or a combination 
of indium In and aluminium Al, so that the epitaxial 
layer grows while lattice match with the substrate 
crystal ZnO is made. 

A semiconductor light emitting device accord- 
ing to another embodiment of the present invention 


has mixed crystals of a plurality of Group IIJ-V 
compound semiconductors grown as epitaxial layer 
over a crystal substrate, in which the crystal sub- 
strate is formed of ZnO, the mixed crystals of the 
5 epitaxial layer have compositions expressed by: 

AlpGa^lNqN (0Sp<1, 0<q<1) and 
AlxGatocNLyPy (0SXS1 . 0<Y<1). 

10 More specifically, in the second embodiment of 
the semiconductor light emitting device according 
to the invention gallium Ga of the GaN epitaxial 
layer is partially replaced with indium In or alumin- 
ium Al. or nitrogen N of the GaN epitaxial layer is 

J5 partially replaced with phosphorus P, so that the 
epitaxial layer is grown while lattice match with the 
substrate crystal ZnO is made. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 " ~ 

Fig. 1 is diagram showing the relation between 
band gap and lattice constant on Group lll-V 
compound semiconductor materials and mixed 
crystals of those materials; 
25 Fig. 2 is a cross-sectional view of a double- 
hetero- structure semiconductor laser device 
showing one embodiment of the present inven- 
tion; 

Fig. 3 is a diagram showing the relation between 
30 the band gap and the lattice constant on Group 
lll-V compound semiconductor materials and 
mixed crystals of those materials; 
Fig. 4 is a cross-sectional view of a double- 
hetero-structure semiconductor laser device 
35 showing another embodiment of the present in- 
vention; and 

Fig. 5 is a cross-sectional view of a double- 
hetero-structure semiconductor laser device 
showing a further embodiment of the present 
40 invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS " " 

*5 The relation between a lattice constant ex- 
pressed on the X-axis and a band gap (forbidden 
band width) expressed on the Y-axis is shown in 
Fig. 1 in which the points GaN. AJN, and InN 
represent three discrete Group lll-V compound 

so semiconductor materials: gallium nitride (GaN). alu- 
minum nitride (AIN), and indium nitride (InN). As- 
sume Vegard's rule for mixed crystals is applica- 
ble, a desired four-element mixed crystal material 
of which physical properties (the lattice constant 

55 and band gap) falls in the triangle area defined by 
the solid lines f Fig. t can be produced by mixing 
the three two-elem nt semiconductor mat rials 
GaN. AIN. and InN at appropriate ratios. In addition. 
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GaN, AIN. and InN shown in Rg. i are direct 
transition semiconductors and their band gaps re- 
present the separation between the minimum and 
maximum energy levels in the conduction and va- 
lence bands respectivery. 

The straight line f ! indicated as the dotted line 
in the figure represents a lattice constant 3.24& of 
the substrate crystal ZnO. The substrate crystal 
ZnO has a crystal structure of wurtzite type, like 
GaN and its lattice constant has a value near to 
that of GaN. ft is now assumed that the intersecting 
point between the line t, and the line of three- 
element mixed crystal between GaN and InN is 
denoted by A and the intersecting point between 
the line 1; and the line of three-element mixed 
crystal between AIN and InN is denoted by B. By 
using the Vegard's rule, three-element composi- 
tions at the points A and B are then expressed as 
Point A: Ga^ln^N 
Point B: Af 0 . 69 lno .31 N. 
The line AB indicates a favorable range where 
the mixed crystal of GalnAIN assumes the lattice 
match with the substrate crystal ZnO. Hence, as a 
physical property on the line AB is realized by a 
mixed crystal (four-element mixed crystal) between 
the two compositions on the points A and B. lattice 
match with the substrate crystal ZnO will thus be 
made by an epitaxial layer having an approximate 
composition range which is expressed, assuming 
the Vegard's rule again, by: 


(GacezInceN)!^ 
(Alo.6 9 ln 0 ^ 1 N) w 


In fabrication of semiconductor laser devices, 
the formation of epitaxial layers in a so-called 
double-hetero-structure is generally adopted. In 
such a structure, it is considered desirable to set 
the band gap in each cladding layer about 0.3 eV 
greater than that of an active layer for effective 
trapping of photons in the active layer. Accordingly 
when ZnO is used as the substrate crystal, it is* 
sufficient to select from the composition range 
expressed by the formula (1), compositions whose 
band gap difference is 0.3 eV, to form an epitaxial 
layer. More particularly, when the active layer is 
formed of the simplest composition at the point A 
shown in Rg. 1, the composition at the point C 
wh.ch provides a band gap of 0.3 eV greater than 
that of the point A composition may be employed 
for the cladding layers. The composition for the 
nruxed crystal at the point C will be determined by 
using the formula (1) for four-element mixed crystal 
on the line t, and according to the Vegard's rule. 

Fig. 2 illustrates a cross-sectional view of an 
example of double-hetero structure semiconductor 
laser element in which the active and cladding 
layers are formed of a mix d crystal of 


HxGa^.MN (Q*X<1. (XY<1) so that lattice match 
with the substrate crystal ZnO is made. 

More specifically, n-type ZnO is used as the 
material of the substrate crystal 1, and an epitaxial 
s layer 5 formed thereon is constituted by an active 
layer 2 of a mixed crystal Gao. w lnoi B N, and p and 
n type cladding layers 3 and 4 of a mixed crystal 
Alo.12Gaoeelno.20N. In operation, the semiconductor 
laser element having the structure described above 
to produces photons in the active layer when a for- 
ward bias is applied across the cladding layers 
The light is amplified through optical resonant ac- 
tion within the layers, causing stimulated emission 
of a laser beam from a cleavage surface of the 
'5 active layer. 

As the active layer is formed of AlxGaLx-rlrvN 
{0<X<1. 0<Y<t), a short wavelength laser beam 
covering blue to ultraviolet can be produced. Also, 
a light-emitting diode can be produced by forming 
20 a p-n junction with AlxGat.^lNyN mixed crystals 
formed while establishing the lattice match with the 
ZnO substrate. 

As described above, in the first embodiment of 
the semiconductor light emitting device according 
25 to the present invention, lattice match of the epitax- 
ial layer with the substrate crystal ZnO is made by 
partially replacing Ga of a semiconductor GaN in 
components of the epitaxial layer with In or a 
combination of In and Al. Accordingly, a desirable 
30 epitaxial layer of mixed crystals of GalnN series 
and AIGalnN series is grown on the substrate, so 
that a semiconductor light emitting device having 
an excellent light emitting efficiency can be pro- 
duced. 

35 A second embodiment of the semiconductor 
light emitting device according to the present in- 
vention will now be described referring with refer- 
ence to the drawings. 

Fig. 3 shows the relation between the lattice 
<o constant shown on the axis of abscissa and a band 
gap (forbidden energy gap) shown on the axis of 
ordinates, in which five points GaN, AIN, InN, Gap, 
and AIP represent properties of five discrete Group 
Hl-V compound semiconductor materials GaN, AIN 
45 ,nN ' GaP, and AIP respectivery. Assume tha\ the' 
Vegard's rule for mixed crystals is applicable, a 
desired four-element mixed crystal of which the 
physical property (the lattice constant and band 
gap) falls in the triangular or trapeziform region 
so enclosed by the solid lines in Rg. 3 can be pro- 
duced by mixing five two-element semiconductor 
materials at an appropriate ratio. As shown in Fig. 
3. the crystal structure of GaP and AIP is of 
sphalerite type and their lattice constants are con- 
55 verted to match with the nitrides GaN and AIN 
having the wurtzite type crystal structure. GaN, 
AIN, and InN are direct transition semiconductors 
and their band gaps represent the separation be- 
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tween the minimum and maximum energy levels of 
the conduction and valence bands, respectively. 
Also, GaP and AIP ar indirect transition type semi- 
conductor materials and their band gaps represent 
the separation between the minimum and maxi- 5 
mum energy levels in the conduction and valence 
bands, respectively at r point {wave number 
k = 0). 

As in the case of Fig. 1. the straight line It 
denoted by the dotted line represents the lattice 10 
constant 3.24A of the substrate crystal ZnO. 

In addition to the two points A and B, the 
intersection between the line It and the line ex- 
tending from GaN to GaP is denoted by the point 
C and the intersection between the line It and the 15 
line from AIN to AIP is denoted by the point D. 
From the Vegard's rule, a couple of three-element 
compositions at the points C and 0 are then ex- 
pressed as: 

Point C: GaN 0 . 91 Po.o9 20 

Point D : AIN 082 Po. 18 . 
Two lines AB and CD respectively define com- 
position ranges where lattice match of two discrete 
mixed crystals of AIGalnN and AIGaNP with the 
substrate crystal ZnO can be made respectively. 25 
Hence, as a physical property on each line is 
realized in a mixed (four- element) crystal having a 
composition between points A and B or C and D, 
the lattice match with the substrate crystal ZnO will 
thus be established by an epitaxial layer formed of 30 
materials having composition ranges, which are ex- 
pressed, assuming the Vegard* rule, by: 

(Gao.82lno.t8N>i.v 

(AlowlnoaiNJv (2) 35 
and 

(GaNo.fliPo.oo)t.w 

(AINo.kPo.^^ (3) ^ 

In fabrication of such semiconductor laser de- 
vices, it is general that the epitaxial layers are 
formed in a so-called double-hetero-structure. In 
such a structure, it is considered desirable that the 45 
band gap in each cladding layer is determined to 
be about 0.3 eV greater than that of the active 
layer for effective trapping of photons in the active 
layer. Accordingly it is desirable to form mixed 
crystals having compositions selected from the so 
compositions expressed by the formulas (2) and 
(3), whose band gap difference is about 0.3 eV. 
More particularly, when the composition of the ac- 
tive layer is selected at the simplest point C on the 
mixed crystal of AIGalnN series as shown in Fig. 3, 55 
the composition at the point E which provides a 
band gap of 0.3 eV greater than that f the com- 
position n the point C can be employ d for devel- 


oping the cladding lay rs. The composition n the 
point E on the mixed crystal of AIGaNP series 
different from mixed crystal series having a com- 
position on the point C can be determined using 
the composition formula (3) for four-element mixed 
crystal on the line tt and according to the 
Vegard's rule. 

Fig. 4 illustrates a cross-sectional view of a 
double-hetero-structure semiconductor laser device 
of which the active layer is formed of a mixed 
crystal of A^Ca^N,.^ (03XS1. 0<Y<1) while es- 
tablishing the lattice match with the substrate cry- 
stal ZnO and the two cladding layers are formed of 
a mixed crystal of AlpGat^lr^N (0Sp<1, 0<q<1). 

More specifically, the substrate crystal 1 is 
formed of n-type ZnO, an active layer 2 is formed 
of a mixed crystal expressed as GaNo. fl iPo.ow. and 
two cladding layers 3 and 4 are formed of. p- and 
n- type mixed crystals Alo.20Gao.5slno.22N following 
the range of composition estimated as above, in 
which the three layers 2. 3, and 4 constitute an 
epitaxial layer 5. 

Fig. 5 shows a further embodiment of the 
present invention in which the active layer is 
formed of a mixed crystal of A^Ga^ln^ (0Sp<1, 
0<q<1) and the two cladding layers are formed of 
a mixed crystal of Al x Ga,.xN,.yP Y (G*XS1.0<Y<1) in 
contrast with the arrangement of Frg. 4. In this case 
also, the composition of mixed crystals can be 
derived from the composition formulas (3) and (4). 
In the device, the substrate crystal 1 is formed of n 
type ZnO, and the active layer 2 is formed of a 
mixed crystal Gaosalno.teN and two cladding layers 

3 and 4 are formed of p- and n- type mixed 
crystals GaNo 9 iPo.o9. wherein the layers 2 through 

4 constitute an epitaxial layer 5. 

It is known that the formation of an epitaxial 
layer of high quality with aluminium is difficult since 
aluminum is an active material. Hence, the com- 
position of the mixed crystals in this embodiment is 
selected to satisfy x = 0 and q = 0, so that a hetero- 
structure crystal excluding Al is easily formed for 
each of layers. This selection of composition is 
also quite advantageous in fabrication of the laser 
devices. 

In operation, the semiconductor laser devices 
having the structure described in the foregoing 
produces photons in the active layer when a for- 
ward bias is applied between the cladding layers. 
The light is amplified through optical resonant ac- 
tion across the layers and stimulated emission of 
laser beam takes place from a cleavage surface of 
the active layer. 

Although the active and cladding layers of the 
preceding embodiments are respectively formed of 
the composition at the point A or C and the com- 
position f which a band gap is 0.3 eV greater than 
that of the active layer as shown in Fig. 3, the 
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selection of composition is not limited to those 
values and the composition may be seJected ap- 
propriately from compositions xpressed by the 
foregoing formulas. Similarly, a fight-emitting diode 
can be built in which the p-n junction is formed 
between mixed crystals of AlpGa.^N and 
AlxGa^N,.^ selected for making the lattice 
match with the substrate crystal ZnO. 

As specifically described above, in the second 
embodiment of the semiconductor light emitting 
element according to the present invention, ZnO is 
used as the material of the substrate crystal and 
the lattice match of the epitaxial layer with the 
substrate crystal of ZnO is made by partially re- 
placing gallium Ga of a semiconductor GaN in the 
epitaxial layer with indium In or aluminium Al or 
partially replacing nitrogen N of the semiconductor 
with Phosphorus P. Accordingly, a epitaxial 
fcyer of mixed crystals of AIGainN series and Al- 
GaNP series having a good quality is grown on the 
substrate, so that a semiconductor laser device 
having a high efficiency of emission of laser beam 
can be produced. 

Claims 

1. A semiconductor light emitting device having 
mrxed crystals of a plurality of Group lll-V 
compound semiconductors formed as an epi- 
taxial layer over a substrate crystal, wherein 
the substrate crystal is formed of ZnO and the 
mixed crystals forming the epitaxial layer have 
compositions expressed by: 

AtxGaLx.vlnvN (0SX<1, (XY<1). 

2. A semiconductor laser diode having mixed cry- 
stals of a plurality of Group lll-V compound 
semiconductors formed as an epitaxial layer 
over a substrate crystal, wherein the substrate 
crystal is formed of ZnO and the mixed cry- 
stals forming the epitaxial layer have composi- 
tions expressed by: 

AlpGa^lf^N «Kp<1. 0<q<i) and 
AlxGaLx^.yPy {OSXSi, 0<Y<1). 
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FIG. 1 
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FIG . 3 
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© Semiconductor light emitting device. 


© A semiconductor light emitting device has an 
epitaxial layer of which lattice match with a substrate 
crystal is made. The epitaxial layer is formed of 
mixed crystals of a plurality of Group lll-V compound 
semiconductors on the substrate formed of a crystal 
of ZnO. More particularly, the epitaxial layer is 
formed of: 

Al x Gai. x .ylr>rN (0SX<1, 0<Y<1) 

where Ga of a semiconductor, GaN. is partially re- 
n placed with In or a combination of In and Al. As a 
result, an epitaxial layer of mixed crystals of GalnN 
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or AJ GalnN series is grown on the substrate. Also, 
the epitaxial layer is formed of: 

AlpGavp^lnqN (05p<1, 0<q<l) and 
AlxGavxNwPy (0SXS1. 0<Y<1) 

where Ga of a semiconductor, GaN, is partially re- 
placed with In or Al, or N is partially is replaced with 
P. As the result, the epitaxial layer of mixed crystals 
of AIGalnN and AJGaNP series is grown on the 
substrate, the semiconductor light emitting device 
can produce an efficient emission of laser beam. 
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